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which are at best qualitative and at worst
misleading. The more quantitative data
mentioned above were obtained by sur-
face plasmon resonance (SPR) and have
been used as the basis for an initially
attractive model to explain the manner in
which Rab27 on the surface of melano-
somes is passed on from its interaction
with Slac2-a to allow transport, to its inter-
action with Slp2-a to allow docking onto
the plasma membrane (Fukuda, 2006).
However, there are many possible addi-
tional factors that could make a simple
comparison of affinities inadequate. For
example, the relative concentrations, or
local densities, of the effectors could
play a dominating effect. Another possi-
bility is that the FYVE-related domain of
Slac2-a is, like the classical FYVE-do-
mains, a lipid-binding moiety and that an
interaction with the melanosome mem-
brane increases the effective affinity of
Rab27 to Slac2-a. As in many areas of
biology, real numbers are needed here
for affinities and rate constants, as well
as for effective concentrations of interac-
tion partners, before the system can be
understood quantitatively. The structures
presented here are an excellent starting-
off point for such an analysis.
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Ras superfamily guanine nucleotide-binding proteins, such asG-proteins and small GTPases, are a paradigm
for two-state molecular switches in cell signaling. Recent experimental and theoretical studies question this
simplemodel. NowChen et al. (2008) provide evidence that the rgRGS domain of PDZRhoGEF has evolved to
‘‘trip’’ the nucleotide-dependent switch of the subunit of the heterotrimeric G-protein, Ga13, so that it can
also bind to its GDP state.The ras superfamily of proteins provides
a common a/b fold to bind guanine nucle-
otides, either GTP or GDP. The terminal
phosphate group difference in the nucleo-
tides is accommodated by structural and
dynamic adjustments of several regions
of the fold, principally in so-called switch
regions. Regulatory proteins can sense
these conformational differences and
bind to G-proteins and small GTPases in
a GDP- or GTP-selective manner. Essen-
tially, without exception, the proteins are
active for signaling in the GTP-bound
state and are unable to bind effector pro-
teins, or bind them very weakly, in the
GDP state. This feature has made G-pro-
teins and small GTPases a paradigm fortwo-state signaling. Both small GTPases
and G-proteins posses a weak intrinsic
GTPase activity, hydrolyzing GTP to turn
off their signaling function. Regulatory
proteins, GTPase-activating proteins
(GAPs), are typically needed to accelerate
the GTP hydrolysis and guanine ex-
change-factor proteins (GEFs) are
needed to eliminate the GDP and reload
the G-protein/small GTPase with GTP.
Several decades of extensive structural
biology and protein biophysics investiga-
tions have played a critical role in under-
standing the function of these proteins
(Oldham and Hamm, 2006); the report by
Chen et al. (2008) in this issue illustrates
the level of detail and insight that is pro-Structure 16, October 8, 2008vided by a protein crystallography study
of an unusual system, challenging our
conventional understanding of G-protein
function. However, the (at first sight)
odd-ball behavior is well in line with what
is shaping up to become a shift in the
G-protein/GTPase signaling paradigm.
Sprang and colleagues have been
studying the rgRGS family of multido-
main/multifunctional proteins, which are
effectors of G-protein Ga13 and become
active as GEFs for the small GTPase
RhoA (Sternweis et al., 2007). Binding to
Ga13 occurs via two regions, a well-con-
served rgRGS domain and an acidic re-
gion/IIG motif, at the N terminus of this
domain. Even though the surface regionsª2008 Elsevier Ltd All rights reserved 1439
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Previewscontacted on Ga13 correspond to those
typical for binding to effector proteins,
some of the rgRGS family members,
p115RhoGEF and LARG, are known to
also function as GAPs for Ga13, whereas
other members, including PDZ-RhoGEF,
are not. Previous structural studies on
p115RhoGEF in complex with Ga13.
GDP.AlF4.Mg showed in detail how the
acidic region/IIG motif participates in
a transition-like state for nucleotide hy-
drolysis (Chen et al., 2005). The first moti-
vation for crystallizing the GAP activity-
deficient PDZRhoGEF was, therefore, to
explain why a similar N-terminal region in
its rgRGS domain was insufficient help
for GTP hydrolysis. Actually, when bound
to the Ga13 part of this N-terminal region,
the IIG-anchor motif is located in a similar
position to that seen in p115RhoGEF.
However, the acidic portion is only or-
dered when it is part of the Michaelis
(GTPgS-bound) complex of Ga13, but is
less ordered in the transition-state analog
(GDP.AlF4.Mg) and the GDP state. Nota-
bly, the acidic region is shorter in
PDZRhoGEF in comparison to p115Rho-
GEF and contains a Tyr instead of a Phe
residue. The structure suggested that
mutation of a few sites in this region of
PDZRhoGEF rgRGS may be sufficient to
create the GAP function. Indeed, Chen
et al. (2008) show that considerable GAP
activity approaching that of p115RhoGEF
can be generated. Even though the
rgRGS domains are well conserved, the
structure of PDZRhoGEF rgRGS bound
to Ga13.GDP.AlF4.Mg differs in other re-
spects, which may also diminish GAP
function. It will be interesting to see
whether the designed, GAP-active region
will cause longer range perturbations, as
seen in other G-proteins and small
GTPases (Hatley et al. 2003; Bouguet-
Bonnet and Buck, 2008). Such longer
range changes may bring the mutant
rgRGS PDZRhoGEF structure closer to
that of Ga13-bound p115RhoGEF. How-
ever, it would not be surprising that
some of the interactions are different, as
PDZRhoGEF has evolved without GAP
activity.
One indication of this difference in GAP
function, and a hint at the function that
PDZRhoGEF has evolved toward, is given
by the structures of the rgRGS domain
bound toGa13.GDP, to Ga13 in the active
state (bound to a nonhydrolysable GTP
analog, GTPgS) and by thermodynamics1440 Structure 16, October 8, 2008 ª2008measurements in comparison with the
transition state analog. Remarkably, the
GTPgS state of Ga13 binds the PDZRho-
GEF rgRGS more tightly than the transi-
tion state, possibly because the N-termi-
nal acidic region is more ordered. This is
consistent with the lack of GAP activity,
where conventionally the transition state
would be expected to bindmore favorably
than the substrate. Surprisingly, the
rgRGS construct also binds the tradition-
ally inactive Ga13.GDP state with consid-
erable affinity (Kd 5 mM), and the com-
plex could be crystallized, revealing that
Ga13.GDP is in the active conformation.
Chen et al. (2008) suggest that the two
binding regions of the rgRGS domain
form a cooperative network, with the two
binding interfaces of Ga13 that share
switch II pulling the protein into the active
conformation.
These findings (and their broader impli-
cations discussed below) are subject to
a number of caveats. First, the binding af-
finities between PDZRhoGEF and Ga13
are likely to be different for the full-length
PDZRhoGEF protein (which is thought to
have different conformational states).
Binding affinity is also a function of cellular
context (effect of membrane proximity,
etc.). Furthermore, the conformations of
the GDP-bound states of Ga proteins
are known to be complementary to, and
therefore are typically bound to, Gbg sub-
units in the trimeric G-protein system;
whether the PDZRhoGEF can bind
Ga13.GDP under such conditions is not
clear. Second, differences between the
affinity and structures of Ga13.GTPgS
and the transition-state mimic may, in
part, arise from the use of nucleotide ana-
logs, which remain somewhat imperfect
models but ones that structural biologists
have to live with. Third, the energy land-
scape of protein conformations is com-
plex and contains many minima. It is,
therefore, possible that the particular
crystallization conditions for Ga13.GDP–
PDZRhoGEF rgRGS have stabilized the
protein in the active conformation and/or
that this conformation is one that is com-
patible with a crystal lattice.
Findings that imply noncanonical
switch behavior, however, are not un-
precedented. Recently, evidence has
been mounting that the two-state GTP/
GDP model of G-protein/small GTPase
function may be too simplistic. For exam-
ple, RanBP1 and Kap95p have been seenElsevier Ltd All rights reservedto bind to the small GTPase Ran in the
GDP form, with evidence for the latter
that these interactions stabilize the active
conformation in the switch regions (For-
wood et al., 2008). Similarly, a domain of
the effector protein WASP is able to bind
to Cdc42.GDP with an affinity that is
only 8-fold less than to the GTP-analog-
loaded form (Leung and Rosen, 2005).
Remarkably, X-ray structures of M-Ras
and of Cdc42 bound, respectively, to
activating nucleotides GMPPNP and
GMPPCP, are those corresponding to
their GDP bound forms (Ye et al., 2005;
Phillips et al., 2008). Furthermore, it has
been known for some time from solution
31P NMR measurements that different
sets of local contacts (isomers) are possi-
ble around the nucleotides in H-Ras and
Ran, and that binding of effector proteins
can alter the population of these states
(Spoerner et al., 2001). Thus, in the exam-
ples above, some of the states corre-
spond to the active structures of G-pro-
teins and small GTPases that are
compatible with binding in the absence
of activating nucleotide. Similarly, the
proteins may already sample the bound
conformation at low population in the
absence of a binding partner. These ob-
servations suggest that an equilibrium
shift mode of binding may be possible,
as seen in other systems (Kumar et al.,
2000). An active conformation is also pop-
ulated for Gsa.GDP binding to adenyl cy-
clase (Hatley et al., 2003). The population
of this active state can be increased and
decreased by site-directed mutagenesis
largely independently of the nature of the
GDP or GTP nucleotide that is bound. All
of these findings suggest that certain
G-proteins and small GTPases may func-
tion as nonclassical switches: the GTP
bound form is not necessarily active and
the GDP bound form no longer represents
the inactive state. However, to what ex-
tent such behavior occurs in vivo is still
an open question. In vitro structural biol-
ogy and protein studies are critical in
allowing us to characterize functional
behavior that may be possible by a given
set of proteins or protein domains when
the system is pushed to and maybe be-
yond its limits. The departures from the
classical two-state behavior could be
just that—physical limits towhich the gua-
nine nucleotide-binding protein has been
able to evolve, or more likely, needed to
evolve. Alternatively, the nonclassical
Structure
Previewsbehavior may have been exploited for bi-
ological function. For example, p115Rho-
GEF and LARG are cytoplasmic proteins
that need to be localized to the mem-
brane. Computational modeling on similar
systems has suggested that switching
behavior involving GAPs can provide the
kinetics needed for the rapid turnover of
signaling events (Turcotte et al., 2008).
By contrast, PDZRhoGEF is known to be
constitutively present at the plasma
membrane, possibly at high enough con-
centration that a mM binding affinity for
Ga13.GDP is meaningful. This would
prolong an association and activation of
PDZRhoGEF function toward RhoA.
Then, the switch has been tripped for
a functional purpose.A Pilot Sheds Ligh
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The structure of a pilot protein (MxiM
Okon et al. (2008), shows how spe
a model for the way in which pilot p
The secretins are an unusual and impor-
tant group of membrane proteins (Bayan
et al., 2006). Their function is only under-
stood in general terms—they mediate
the transit of a wide range of secreted
proteins across the bacterial outer mem-
brane. They play key roles in the type II
and type III bacterial secretion systems,
in the formation of type IV pili, and in the
assembly of filamentous bacteriophage.
To date, determination of the 3-D struc-
tures of secretins has been confined to
low-resolution electron microscopy stud-
ies (Collins et al., 2004). Electron micros-
copy images of purified secretins gener-
ally show a ring-like shape, indicating
that a channel is formed for the secreted
substrate. Secretin oligomers consist of
12 to14 monomers and are remarkable
for their stability, failing to dissociate
even after boiling in SDS PAGE buffer.REFERENCES
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With total molecular weights falling be-
tween 0.5 and 1.0 MDa, they constitute
one of the larger protein assemblies within
the outer membrane. Furthermore, the
type III secretion secretins, of which
MxiD is a member, form an integral part
of the ‘‘injectosome,’’ an assembly of
proteins which spans the inner and outer
membranes and is responsible for inject-
ing toxins into the cytoplasm of host cells.
Given the complexity of secretin assem-
blies, it is not surprising that several auxil-
liary proteins have been identified that are
essential for secretin oligomerization and
insertion into the outer membrane. Some
of these proteins have been termed ‘‘pilot
proteins,’’ but the precise way in which
they mediate assembly of secretins is un-
clear. In this issue of Structure, Okon et al.
(2008) present the first detailed descrip-
tion of a pilot protein (MxiM) in complex
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cognate secretin (MxiD), reported by
proteins is achieved and suggests
with an 18-residue peptide fragment
derived from an outer membrane secretin
(MxiD). The structure suggests a model
for the way in which pilot proteins might
function by preventing premature aggre-
gation of MxiD before assembly and in-
sertion into the bacterial outer membrane.
MxiM adopts a ‘‘cracked’’ b-barrel
structure, which forms around a well-
defined apolar binding site (Figure 1A);
hydrophobic ligands, such as lipid mole-
cules, bind to this site with high affinity
(Lario et al., 2005). Okon et al. (2008)
narrow down the recognition site on
MxiD to a stretch of 18 residues that orig-
inate from the extreme C terminus of the
secretin. It is interesting to note that at
least one other pilot-secretin pair, PulS-
PulD, is also known to associate through
the secretin C terminus (Daefler et al.,
1997). The MxiD peptide binds at one
8 ª2008 Elsevier Ltd All rights reserved 1441
